Neuropathological and in vivo studies have revealed a tight relationship between tau pathology and cognitive impairment across the Alzheimer's disease spectrum. However, tau pathology is also intimately associated with neurodegeneration and amyloid pathology. The aim of the present study was therefore to assess whether grey matter atrophy and amyloid pathology contribute to the relationship between tau pathology, as measured with 18 F-AV-1451-PET imaging, and cognitive deficits in Alzheimer's disease. We included 40 amyloid-positive patients meeting criteria for mild cognitive impairment due to Alzheimer's disease (n = 5) or probable Alzheimer's disease dementia (n = 35). Twelve patients additionally fulfilled the diagnostic criteria for posterior cortical atrophy and eight for logopenic variant primary progressive aphasia. All participants underwent 3 T magnetic resonance imaging, amyloid ( 11 C-PiB) positron emission tomography and tau ( 18 F-AV-1451) positron emission tomography, and episodic and semantic memory, language, executive and visuospatial functions assessment. Raw cognitive scores were converted to age-adjusted Z-scores (W-scores) and averaged to compute composite scores for each cognitive domain. Independent regressions were performed between 18 F-AV-1451 binding and each cognitive domain, and we used the Biological Parametric Mapping toolbox to further control for local grey matter volumes, 11 C-PiB uptake, or both. Partial correlations and causal mediation analyses (mediation R package) were then performed in brain regions showing an association between cognition and both 18 F-AV-1451 uptake and grey matter volume.
Introduction
Alzheimer's disease is a dual proteinopathy characterized by extracellular deposits of fibrillar amyloid-b peptides and aggregates of the phosphorylated microtubule-associated protein tau in neurofibrillary tangles (NFTs; Hyman et al., 2012) . Growing evidence suggests that both amyloid-b and tau proteins accumulate and spread years before the development of clinical symptoms (Braak and Del Tredici, 2015) , raising questions about their specific and common contribution to cognitive impairment.
Pioneering neuropathological studies showed that the burden of NFTs, but not of amyloid-b plaques, correlates with the degree of cognitive impairment in Alzheimer's disease (Arriagada et al., 1992a) and non-demented elderly individuals (Arriagada et al., 1992b) . Further clinicopathological studies reported that not only the density, but also the extent of NFTs, are associated with ante-mortem cognitive status (Nelson et al., 2012) . These results have been recently replicated by in vivo studies using PET radiotracers binding to NFTs, such as 18 F-AV-1451, and showing that more advanced Braak stages are associated with decreased global cognitive status and more frequent cognitive impairment (Cho et al., 2016a; Schö ll et al., 2016) . The neuroanatomic distribution of tau pathology also correlates with specific cognitive domain performance. Hence, medial temporal lobe NFTs (Mitchell et al., 2002; Guillozet et al., 2003) and 18 F-AV-1451 uptake Schö ll et al., 2016) have been related to episodic memory, but not to other cognitive functions, in cognitively normal older adults and subjects with cognitive impairment. Finally, both post-mortem (Hof et al., 1989; Murray et al., 2011; Gefen et al., 2012) and in vivo (Dronse et al., 2016; Ossenkoppele et al., 2016) studies revealed that the spatial distribution of tau pathology is closely linked to the clinical phenotype in Alzheimer's disease dementia.
Together, these results suggest a close relationship between NFTs and cognitive impairment across the Alzheimer's disease spectrum. In contrast, amyloid-b pathology has only a relatively modest direct correlation with cognition (Nelson et al., 2012) . Indeed, most studies have reported either absent or weak association between regional amyloid-b plaques and specific cognitive impairment in Alzheimer's disease patients (Arriagada et al., 1992a; Guillozet et al., 2003) and the reduction of plaque load in the brain in therapeutic trials has not thus far yielded cognitive benefit in Alzheimer's disease patients (Salloway et al., 2014) . This discrepancy might be explained by the fact that, as compared to amyloid-b plaques, tau pathology is more intimately related to neuronal loss (Gó mez-Isla et al., 1997; Giannakopoulos et al., 2003) . Indeed, NFTs appear to parallel grey matter atrophy (Jack et al., 2002; Whitwell et al., 2008) , which in turn has been extensively associated with cognitive impairment. It is therefore possible that the impact of tau pathology on cognition is mediated by grey matter loss. Using 18 F-AV-1451-PET imaging, we aimed at assessing this specific question in a heterogeneous sample of Alzheimer's disease patients. Specifically, our objective was to assess the specific relationships between cognitive impairment and tau pathology and to test if these relationships remained significant after controlling for local grey matter atrophy and amyloid pathology. We also performed causal mediation analyses to further examine the intermediary role of grey matter atrophy in the relationship between 18 F-AV-1451 and cognitive deficits.
Materials and methods

Participants
Forty patients were recruited from the University of California San Francisco (UCSF) Alzheimer's Disease Research Center (Table 1 for demographic data). A subset of these patients was included in previous publications from our laboratory Schö ll et al., 2016) . All patients received a standard clinical evaluation that included a comprehensive neurological history, physical and neurological examinations, structured caregiver interviews, brain MRI and neuropsychological testing. Clinical diagnosis was established by consensus in a multidisciplinary team. All participants met clinical criteria for probable Alzheimer's disease dementia (n = 35; McKhann et al., 2011) or mild cognitive impairment (MCI) due to Alzheimer's disease (n = 5; Albert et al., 2011) . Twelve patients additionally met diagnostic criteria for posterior cortical atrophy (Mendez et al., 2002) and eight for logopenic variant primary progressive aphasia (Gorno-Tempini et al., 2011) , now recognized as visual and language-predominant phenotypes of Alzheimer's disease (McKhann et al., 2011; Dubois et al., 2014) . Several patients who met McKhann et al. (2011) criteria for probable Alzheimer's disease dementia but did not fulfil criteria for posterior cortical atrophy or logopenic variant primary progressive aphasia (referred as AD group in Table 1 ) had early age-of-onset Alzheimer's disease (565 years old; n = 13/20), which is often characterized by a mixed clinical presentation, with amnestic and non-amnestic deficits. This heterogeneity is well reflected in the fact that episodic memory was the most impaired cognitive domain in only 10/20 of these patients. All patients had a positive PiB-PET scan, as assessed by visual read according to previously published procedures (Rabinovici et al., 2010) , increasing the likelihood of Alzheimer's disease aetiology (McKhann et al., 2011) . Furthermore, all patients with CSF data (n = 18) presented with a pathological ratio p-tau/amyloid-b 42 using a previously established threshold (Shaw et al., 2009) . Finally, it is worth mentioning that half of the sample (20/40) carried the APOE e4 allele (Table 1) . These patients were distributed across the clinical syndromes and did not differ from e4 non-carriers for demographic features or performance on cognitive domains (Supplementary Table 1) .
Neuropsychological tests
Within a maximum of 1 year from the PET scans, the participants underwent a neuropsychological test battery assessing episodic and semantic memory, language, executive and visuospatial functions (Kramer et al., 2003) . Episodic memory was assessed using the immediate free recall, delayed (30 s and 10 min) free recall and recognition (10 min) items from the 9-item California Verbal Learning Test and the delayed recall of the Benson figure. Semantic memory was measured using the 15-item Boston Naming Test, 16-item version of the Peabody Picture Vocabulary Test -Revised and category fluency (1 min, animals). Language assessment involved the sentence comprehension subtest from the Curtiss-Yamade Comprehensive Language Evaluation-Receptive, Verbal Agility, and Oral Repetition. Executive functions were evaluated with the Digits Backward from Wechsler Memory Scale, letter (1 min, 'd') and design (1 min) fluencies, modified TrailMaking B and Stroop tests. Finally, the copy trial of the Benson figure and Number Location condition from the Visual Object Spatial Perception battery were used to assess visuospatial abilities.
To obtain composite scores for each cognitive domain, we first used a group of 564 cognitively normal individuals recruited at UCSF [47.3% male, mean age: 67.2 AE 7.1, mean years of education: 17.4 AE 2.0, all with a Mini-Mental State Examination (MMSE) 4 27] to convert raw cognitive scores into W-scores (O'Brien and Dyck, 1995) corresponding to Zscores adjusted for age. Subsequently, patient W-scores were averaged within each cognitive domain (for details on the weight of each cognitive test and score, see Supplementary Table 2 ). Note that some patients had missing data for certain cognitive tests and that their composite score was therefore computed using remaining scores. Doing so, we were able to compute composite scores of episodic memory and executive functions for all patients (40/40), and scores of semantic memory, language and visuospatial functions for 39/40 patients.
Image acquisition
All patients underwent a structural MRI and both 11 C-PiB and 18 F-AV-1451 PET scans within an average delay of 51 AE 70 days ( 18 F-AV-1451 and MRI scans: 65 AE 74 days; 18 F-AV-1451 and 11 C-PiB scans: 27 AE 64 days; 11 C-PiB scans and MRI scans: 60 AE 67 days). For MRI, a high-resolution T 1 -weighted magnetization prepared rapid gradient echo (MPRAGE) sequence was acquired on a 3 T Siemens Tim Trio scanner at the UCSF Neuroimaging Center (coronal slice orientation; slice thickness = 1.0 mm; in-plane resolution = 1.0 Â 1.0 mm; matrix = 240 Â 256; repetition Missing data for 12 patients. AD = patients who met McKhann criteria for probable Alzheimer's disease dementia, but did not fulfill criteria for lvPPA or PCA; NA = not applicable; lvPPA = logopenic variant primary progressive aphasia; PCA = posterior cortical atrophy. time = 2300 ms; echo time = 2.98 ms; inversion time = 900 ms; flip angle = 9
). PET scans were performed at LBNL on a Siemens Biograph 6 Truepoint PET/CT scanner in 3D acquisition mode. A low-dose CT scan was performed for attenuation correction prior to all scans.
11 C-PiB scans were performed as previously described (Lehmann et al., 2013) . The 18 F-AV-1451 was synthesized and radiolabelled at LBNL's Biomedical Isotope Facility (for details, see Schö ll et al., 2016) . After injection of $370 MBq of 18 F-AV-1451, PET imaging began either upon injection from 0-100 min and 120-150 min postinjection, or from 75-115 min. For all analyses, we used data reconstructed with ordered subset expectation maximization algorithm (scatter correction, 4 mm Gaussian kernel) and collected from 80-100 min.
Image processing
Neuroimaging data processing was performed using the Statistical Parametric Mapping Version 12 (SPM12) software (Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, England) implemented in MATLAB 8.3. (The MathWorks, Sherborn, MA). T 1 -MRI were first segmented and spatially normalized to the MNI space. Grey matter maps were modulated and divided by the total intracranial volume to correct for head size. PET data were realigned and co-registered onto their corresponding MRI. Distribution volume ratios (DVRs) were created for PiB images using Logan graphical analysis (35-90 min post-injection) and a cerebellar grey matter mask (derived from Freesurfer 5.3 segmentation) as reference region. Global cortical 11 C-PiB DVR ('global PiB DVR') values were calculated using native space Freesurfer-derived cortical grey matter masks for each participant. The same cerebellar grey matter region was used to compute 18 F-AV-1451 standard uptake value ratios (SUVRs). Both 11 C-PiB DVR and 18 F-AV-1451 SUVR maps were then normalized using the deformation parameters defined from the MRI procedure. As PET and MRI images did not have the same original spatial resolution, a differential Gaussian kernel smoothing was applied to obtain an equivalent data effective smoothing of 8 mm full-width at half-maximum (Chételat et al., 2008) . To reduce contamination from non-relevant signal, PET images were masked before smoothing to exclude non-grey and non-white matter voxels (i.e. voxels with a grey or white matter probability lower than 0.25 at the group level).
Informed consent
Informed consent was obtained from all subjects or their assigned surrogate decision-makers, and UCSF, University of California Berkeley, and the Lawrence Berkeley National Laboratory (LBNL) institutional review boards for human research approved the study.
Statistical analysis
First, voxel-wise regressions were performed in SPM to assess the relationship between each imaging modality (i.e. grey matter volume, 18 F-AV-1451 SUVR, and 11 C-PiB DVR) and each cognitive domain score. These analyses were repeated with age and/or MMSE score as covariates to assess the influence of these variables on the neuroimaging-cognition relationships. We then used the Biological Parametric Mapping (BPM) toolbox to assess voxel-wise relationships between 18 F-AV-1451 SUVR and cognitive performance while controlling (in separate models) for (i) local grey matter volume (i.e. maps of grey matter volume entered as a covariate); (ii) local 11 C-PiB DVR (i.e. maps of 11 C-PiB DVR entered as a covariate); (iii) global 11 C-PiB DVR; (iv) local grey matter volume and local 11 C-PiB DVR; and (v) local grey matter volume and global 11 C-PiB DVR. Given that BPM requires an imaging modality as the dependent variable, we computed a cognitive map for each patient and each cognitive domain by multiplying the binary mask of grey matter (used for the analyses) by the cognitive scores (e.g. the episodic memory map of a given patient contains only one value in all voxels of interest corresponding to that patient's composite episodic memory score). A threshold of P 5 0.001 uncorrected, together with a cluster extent k 4 500 mm 3 , was used for all of these neuroimaging analyses.
Finally, partial correlations and causal mediation analyses were performed in the brain regions where cognitive impairment was related to both 18 F-AV-1451 SUVR and grey matter volume. These analyses were intentionally restricted to overlap regions in which cognition was found to be correlated with both modalities, in order to avoid a bias for finding a stronger relationship between cognition and one modality as compared to the other. We used the 'mediation' R package (Tingley et al., 2014) to compute the average direct effect (ADE) and average causal mediation effect (ACME), reflecting direct and indirect (i.e. mediated) effects of 18 F-AV-1451 on cognitive performance. Both measurements (ACME and ADE) were expressed as a population average estimated using non-parametric bootstrapping (5000 simulations, P 5 0.05).
Results
Cognitive results
The mean and standard deviation of patient W-scores for each cognitive domain are shown in Table 1 . One sample t-tests indicated that patient W-scores differed significantly from 0 for all cognitive domains, indicating worse performance relative to controls: episodic memory [t(39) = À11.6, P 5 0.001], semantic memory [t(38) = À6.5, P 5 0.001], language [t(38) = À5.7, P 5 0.001], executive [t(39) = À12.4, P 5 0.001] and visuospatial [t(38) = À4.8, P 5 0.001] functions. The proportion of patients with impaired performance relative to the 95th percentile of controls (W-score 5 À1.65) was 77.5% for episodic memory, 46.1% for semantic memory, 48.7% for language, 70% for executive functions and 73.6% for visuospatial functions. As expected, patients with MCI were less impaired than those with dementia. Patients meeting criteria for posterior cortical atrophy and logopenic variant primary progressive aphasia showed the greatest impairment in visuospatial and language tests, respectively, while remaining patients with Alzheimer's disease showed greatest impairment as a group in episodic memory (see Table 1 for between-group comparisons).
Relationship between cognition and individual neuroimaging modalities
The results of the independent regressions between cognitive performance and grey matter volume, hippocampus and amygdala), left middle temporal and right middle frontal gyri. The regression with 11 C-PiB DVR only revealed a significant association in the left supplementary motor area and middle cingulate cortex. Interestingly, when verbal and visual episodic memory were considered separately, the relationships with volume and 18 F-AV-1451 SUVR (Fig. 1 ), but not with 11 C-PiB DVR, predominated in the left versus right hemisphere, respectively.
Semantic memory scores were associated with decreased grey matter volume and higher 18 F-AV-1451 uptake only in the left hemisphere and mainly in the temporal lobe, but also involving regions of occipital and parietal lobes and inferior frontal gyrus (Fig. 2) . Associations with 18 F-AV-1451 SUVR were much less widespread and involved the dorsal and ventral temporal pole, orbitofrontal and fusiform regions. No significant relationship was found between semantic memory and 11 C-PiB DVR. The regressions between language and both grey matter volume and 18 F-AV-1451 SUVR showed results restricted to the left hemisphere (Fig. 2) . The association with grey matter volume involved the posterior middle temporal gyrus, inferior and superior parietal gyrus, precuneus and cuneus. The relationship with 18 F-AV-1451 SUVR predominated in the posterior superior temporal and supramarginal gyrus and extended into the postcentral gyrus and posterior insula. Additional correlations were found in lateral and medial occipital cortex. Finally, an association with 11 C-PiB DVR was found only in the right inferior parietal lobule.
Executive functions were related to lower grey matter volume and higher 18 F-AV-1451 binding in bilateral fronto-parietal regions (Fig. 3) . The association with volume encompassed bilateral lateral and medial parietal cortex and left precentral gyrus. Relationships with 18 F-AV-1451 were more extended and further involved the angular gyrus and posterior temporal lobe, as well as inferior and middle frontal gyrus. No significant relationship was observed between executive functions and 11 C-PiB DVR. The regression with visuospatial functions revealed significant associations with volume and 18 F-AV-1451 uptake in right, more than left, occipital and parietal regions (Fig. 3) . Decreased volume in the middle occipital gyrus, lateral (i.e. angular, inferior and superior gyrus) and medial parietal, and posterior temporal regions were related to decreased visuospatial scores. Associations with 18 F-AV-1451 involved the left superior occipital gyrus, right calcarine, posterior fusiform gyrus and inferior frontal cortex. The relationships with 11 C-PiB DVR were restricted to the right supplementary motor area and middle cingulate cortex.
Complementary analyses with covariates revealed highly similar results when age was regressed out from the statistical models (Supplementary Figs 1-3) . In contrast, controlling for disease severity (i.e. MMSE) had more influence on our findings even though several results remained significant with a more restricted spatial extent. This was expected given that all cognitive domains were moderately to highly correlated with MMSE (episodic memory: r = 0.72 P 5 0.001; semantic memory: 0.72 P 5 0.001; language: r = 0.45 P 5 0.005; executive functions: r = 0.66 P 5 0.001; visuospatial functions: r = 0.38 P 5 0.05).
Finally, note that performance in each cognitive domain was distributed across Alzheimer's disease phenotypeswith the exception of visuospatial functions for which posterior cortical atrophy presented with prominent deficit-and that the association with each imaging modality did not appear driven by one specific syndrome (see scatterplots in Figs 1-3) . To confirm this, we repeated the voxel-wise regressions between each imaging modality and cognitive performance after excluding all patients with posterior cortical atrophy and logopenic variant primary progressive aphasia, and found very similar results to those identified in the entire sample (Supplementary Figs 4-6 ).
Relationship between cognition and tau controlling for volume or amyloid
To assess whether the relationships between cognition and tau remained significant when grey matter volume or amyloid were taken into account, we performed voxel-wise regressions between each cognitive domain and 18 F-AV-1451 SUVR controlling for local atrophy and/or local or global 11 C-PiB uptake. As illustrated in Fig. 4 , most previous results remained essentially the same although less extensive when local atrophy and global 11 C-PiB DVR were regressed out. Only findings related to visuospatial functions did not survive the cluster threshold. Similar results were obtained when local rather than global 11 C-PiB DVR was used as a covariate (data not shown). To further quantify these changes, we counted in the significant clusters of the regressions between cognition and 18 F-AV-1451 SUVR (without covariate) the total number of voxels that remained significant (P 5 0.001 uncorrected) after the different corrections. The results showed that most clusters maintained a fair number of significant voxels across the different models tested and that the number of significant voxels was more impacted (i) in smaller clusters; (ii) in visuospatial functions as compared to other cognitive domains; and (iii) in the two models including global 11 C-PiB DVR index as covariate (Table 2) .
Mediation analyses
To further examine whether grey matter volume may mediate the relationship between cognition and tau, we created overlap maps that included voxel clusters that showed significant association between cognitive performance and both 18 F-AV-1451 SUVR and grey matter volume (at P 5 0.005, k 4 500 mm 3 ). The threshold of these analyses was lowered as only a limited number of small clusters was obtained at P 5 0.001. The mean 18 F-AV-1451 SUVR and grey matter volume were then extracted in the overlap regions and used to perform both partial correlations and mediations analyses.
Brain regions in which cognitive domain scores were related to both F-AV-1451 SUVR and episodic memory, language, and executive function scores remained significant when grey matter volume was taken into account. For these cognitive domains, the mediation analyses revealed both direct (i.e. ADE) and atrophy-mediated (i.e. ACME) effects of 18 F-AV-1451 SUVR on cognitive performance [note that for episodic memory, the ACME showed a trend toward significance (P = 0.054); Fig. 5 and Table 3 ]. In contrast, only the atrophy-mediated effect (and not the direct effect) was significant for semantic memory and visuospatial functions. Finally, for all cognitive domains, regressions including both 18 F-AV-1451 SUVR and grey matter volume explained more variance in the cognitive score (R 2 between 0.41 and 0.73) than 18 F-AV-1451 SUVR alone (R 2 between 0.23 and 0.28, Table 3 ).
Discussion
The recent development of tau PET tracers provided the unique possibility to assess in vivo the specific contribution of tau pathology to cognitive impairment in Alzheimer's disease. In the present study, we explored the regional relationships between tau pathology and performance in specific cognitive domains. We further assessed whether these relationships were mediated by neurodegeneration or F-AV-1451 and cognition was not-or only slightlydependent on amyloid-b burden, but was in part mediated by grey matter atrophy. These results suggest that tau pathology may lead to cognitive deficits through a variety of mechanisms, including, but not limited to, grey matter loss.
In our sample, decreased performance in each cognitive domain was related to increased 18 F-AV-1451 SUVR in specific brain regions consistent with established brain-behaviour relationships. The AV-1451 tracer preferentially binds to NFTs and demonstrates high affinity to paired helical filaments of tau (Xia et al., 2013; Lowe et al., 2016; Marquié et al., 2017) . Hence, our findings fit with neuropathological evidence in Alzheimer's disease that emphasize the importance of the spatial distribution of NFTs in disruption of specific cognitive domains (Mitchell et al., 2002; Guillozet et al., 2003) . Our results are consistent with and expand on previous studies showing strong relationships between 18 F-AV-1451 uptake and domain-specific cognitive performance in cognitively normal, MCI and Alzheimer's disease individuals (Cho et al., 2016b; Ossenkoppele et al., 2016; Schö ll et al., 2016) by including a larger and more heterogeneous sample of Alzheimer's disease patients and assessing relationships across a broad spectrum of cognitive domains.
In contrast with 18 F-AV-1451, only a few and regionally non-specific relationships were found between 11 C-PiB DVR and cognitive deficits. These results further support neuropathological observations that local amyloid-b plaques have only a modest influence on cognitive functioning (Nelson et al., 2012) . Converging results from neuropathological and molecular imaging studies are consistent with a model in which amyloid-b pathology primarily plays an Cluster size is indicated in mm 3 and the numbers in parenthesis represent the per cent of voxels from the model without covariates that survived to the additional covariate(s) (P 5 0.001 uncorrected). GM = grey matter volume. Values in brackets represent 95% confidence interval for the estimates. ACME = average causal mediation effect; ADE = average direct effect; GM = grey matter volume.
initiating role in early (pre-clinical) stages of the Alzheimer's disease pathophysiological cascade, increasing the severity and rate of accumulation of tau aggregates (Price and Morris, 1999) and promoting tau spread beyond the medial temporal lobe into neocortex (Johnson et al., 2016; Schö ll et al., 2016) . However, by the time individuals develop clinically apparent cognitive deficits (MCI or dementia), there is an apparent dissociation between the distribution of amyloid and clinical symptoms (Lehmann et al., 2013; Ossenkoppele et al., 2016) . Interestingly, we found that global cortical 11 C-PiB DVR had a greater impact than local amyloid tracer retention in attenuating the spatial extent of the relationship between tau and cognitive impairment (Table 2 ). This finding is consistent with previous results showing correlations between global cortical 11 C-PiB DVR and 18 F-AV-1451 deposition in specific regions (Johnson et al., 2016; Schö ll et al., 2016) . As previously suggested in neuropathological studies (Giannakopoulos et al., 2003) , it may be that global amyloid burden impacts cognition primarily by driving tau pathology in specific brain regions.
Cognitive deficits were also related in a region-specific manner to grey matter loss. The associations between cognition and grey matter or 18 F-AV-1451 reflected similar though not entirely overlapping patterns, implicating expected brain regions based on established functional neuroanatomy. Grey matter showed stronger and (in most instances) more spatially extensive relationships with cognitive impairment than 18 F-AV-1451. These stronger relations are consistent with the notion that cognitive deficit is most proximally related to grey matter integrity, a hypothesis supported by neuropathological data showing that synaptic density is the strongest predictor of ante-mortem cognition (Terry et al., 1991) . The discrepancies between tau and grey matter correlates of cognition may be indicative of the fact that grey matter atrophy is a consequence of diverse neuropathological processes, including tau, amyloid-b, and vascular pathologies (Villeneuve et al., 2015) , and likely also represents pre-morbid differences across individuals. Our formal mediation analysis confirmed that grey matter atrophy was a significant mediator of the relationship between tau pathology and cognitive deficits, converging with previous work showing that glucose metabolism measured by 18 F-FDG PET, a correlate of synaptic function, mediated the relationship between 18 F-THK5317 uptake (i.e. another tau PET radiotracer) and global cognitive impairment in Alzheimer's disease (Saint-Aubert et al., 2016) . Our study extends these findings by showing an intermediate role for neurodegeneration using (i) a different tau PET ligand; (ii) a different index of neurodegeneration; and (iii) specific cognitive domains. Interestingly, a longitudinal study also reported that hypometabolism acts as a mediator between CSF tau levels and subsequent cognitive impairment (Dowling et al., 2015) . Taken together, these results reinforce the view that tau pathology can lead to neuronal loss and dysfunction, which in turn cause cognitive impairment.
Yet, our results also argue in favour of an independent effect (i.e. neither atrophy-nor amyloid-mediated) of tau pathology on cognition as we found that most regional relationships between 18 F-AV-1451 uptake and cognitive impairment remained significant after including grey matter volume and 11 C-PiB DVR as covariates in the model. Furthermore, cognitive deficits were related to 18 F-AV-1451 uptake but not to atrophy or 11 C-PiB binding in certain brain regions and a direct effect of 18 F-AV-1451 binding on cognition was identified in the mediation analyses. Given that AV-1451 primarily binds to NFTs (Lowe et al., 2016) , our results corroborate neuropathological data indicating that NFTs predict MMSE score independently of neuron numbers and amyloid load (Giannakopoulos et al., 2003; von Gunten et al., 2006) . NFTs have historically been considered to play a key role in the pathogenesis of Alzheimer's disease, but growing evidence demonstrated that they are neither necessary nor sufficient for neurodegeneration (Spires-Jones et al., 2011; Cowan and Mudher, 2013) . It is nevertheless possible that NFT-bearing neurons present with structural changes that compromise their functioning. In support of this idea, some components involved in the formation of NFTs (i.e. small soluble tau oligomers) may be responsible for tau-induced toxicity (Cowan and Mudher, 2013) . Furthermore, in mouse models of tauopathy and human Alzheimer's disease brain, NFT-bearing neurons showed, as compared to non-tangle-bearing neurons, morphometric alterations of Golgi apparatus (Antó n-Ferná ndez et al., 2017), lower levels of synaptic proteins (Callahan et al., 1999; Ginsberg et al., 2000) and synaptic reduction (Katsuse et al., 2006) . These alterations may impact neuronal function and contribute to cognitive impairment, although discrepant results have been observed (Kuchibhotla et al., 2014) .
An alternative explanation is that 18 F-AV-1451 SUVR reflects the local severity of tau-pathological processes, as diverse tau species besides NFTs (e.g. ghost tangles, tau neuritic pathology) contribute to AV-1451 binding (Lowe et al., 2016) and strong relationships between distinct pathological species of tau have been reported in human brain tissue (Koss et al., 2016) . While the specific tau specie(s) responsible for toxicity remain unclear (Cowan and Mudher, 2013) , it has been shown that tau pathology can lead to alterations in synaptic function by disrupting cellular trafficking pre-and postsynaptically and inhibiting anterograde axonal transport (Spires-Jones and Hyman, 2014). As a result, pathological tau can reduce the activity of neurons in transgenic mice and possibly cause network disruption prior to substantial neurodegeneration (MenkesCaspi et al., 2015) . We therefore hypothesize that taumediated synaptic abnormalities may trigger local neuronal dysfunction, which in turn induces cognitive deficits prior to neuronal death. Further studies are necessary to confirm this pathological cascade and to assess whether taumediated synaptic disruption emerges before versus with grey matter loss. Alternatively, 18 F-AV-1451 uptake may better reflect the neurodegenerative process related to tau pathology than volumetric measurement. Indeed, due to their high pre-morbid variability across individuals, crosssectional measures of grey matter volume may be less sensitive to the local tau-mediated neurodegeneration than 18 F-AV-1451. Our study has limitations. First, causal relationships between grey matter atrophy, 18 F-AV-1451, and 11 C-PiB DVR uptake could not be assessed due to the crosssectional and correlational nature of this study. Longitudinal investigations will be critical to further specify the associations between these biomarkers and characterize their relation with cognitive decline. Second, while our population included a total of 40 patients, the sample size of some clinical subgroups (e.g. MCI or logopenic variant primary progressive aphasia) was relatively small. Furthermore, our sample included patients with diverse and less common Alzheimer's disease phenotypes, which may have driven correlations in specific domains (e.g. visuospatial deficits in posterior cortical atrophy). Reassuringly, examination of individual data points suggests that contributions to domain-specific correlations were distributed across Alzheimer's disease phenotypes, with prominent visuospatial deficits in posterior cortical atrophy being the one exception. Furthermore, our results include strong correlations with cognitive domains that are not uniquely or disproportionately impacted in any individual Alzheimer's disease clinical variant, and results were relatively consistent after exclusion of patients with posterior cortical atrophy and logopenic variant primary progressive aphasia. Conversely, the inclusion of a diverse Alzheimer's disease clinical sample enriched our cohort for heterogeneity in cognition, AV-1451 and grey matter atrophy patterns, increasing our ability to detect meaningful associations. Finally, one may argue that analysing 18 F-AV-1451 data collected from 80-100 min post-injection may underestimate the SUVR values in structures with a high binding (Baker et al., 2017) and therefore alter some relationships with cognitive performance. However, this time window also appears to be the best selection for studying the full range of tau deposition (Baker et al., 2017) and therefore represents a good compromise for whole brain analyses.
In summary, our study demonstrated intimate relationships between local tau pathology and domain-specific cognitive impairment in symptomatic Alzheimer's disease. In agreement with a causal sequence of pathological events, grey matter atrophy was shown to play an intermediary role in these relationships. However, we also provide novel evidence that tau pathology may contribute to cognitive deficits independent of grey matter loss. These results suggest that cognitive impairment results from diverse taumediated pathological processes in Alzheimer's disease, which has implications for future therapeutic trials targeting tau pathology.
